This paper seeks to move towards an un-encoded metadata standard supporting the description of environmental numerical models and their interfaces with other such models. Building on formal metadata standards and supported by the local standards applied by modelling frameworks, the desire is to produce a solution, which is as simple as possible yet meets the requirements to support model coupling processes. The purpose of this metadata is to allow environmental numerical models, with a first application for a hydro-meteorological model chain, to be discovered and then an initial evaluation made of their suitability for use, in particular for integrated model compositions. The method applied is to begin with the ISO19115 standard and add extensions suitable for environmental numerical models in general. Further extensions are considered pertaining to model interface parameters (or phenomena) together with spatial and temporal characteristics supported by feature types from climate science modelling language. Successful validation of parameters depends heavily on the existence of controlled vocabularies. The metadata structure formulated has been designed to strike the right balance between simplicity and supporting the purposes drawn out by interfacing the Real-time Interactive Basin Simulator hydrological model to meteorological and hydraulic models and, as such, successfully provides an initial level of information to the user.
INTRODUCTION
By definition, the object interfaces defined within the OpenMI specification point the way to metadata describing the model components adapted to be OpenMI compatible.
For example, 'output exchange items' are derived to pass data out of the model into another model's 'input exchange items'. Indeed, across all appropriate disciplines, metadata describing numerical models is clearly required to support any kind of automation or semi-automation of the model coupling process. Geller & Melton () look forward to studying the impacts of climate change using a model web where data are passed between models using web services, which would, by definition, be supported by a set of such standards. Furthermore, Voinov et al. () challenge the very basic processes underpinning common approaches to modelling and recommend a participatory approach, which challenges the traditional approach to modelling itself as a process beginning with a problem formulation and finishing with a product such as a decision support system. Such thinking would surely demand greater flexibility and more accurate representation from a typical modelling framework.
Given these drivers and building on formal metadata standards supported by the local standards applied by modelling frameworks, this paper seeks to derive an un-encoded metadata structure supporting the description of environmental numerical models with particular attention to the construction of model compositions by interfacing independent model components. The desire is to produce a solution that is as simple as possible yet supports validation of model interfaces together with basic discovery and use requirements.
METHODS

Formulating model engine metadata
Beginning with the model engine, that is the core model code before it has been configured to apply to a particular use case, a number of formally ratified or community standards exist from which to build. In atmospheric science, Murphy et al. 
Formulating base model instance metadata
When an environmental numerical model engine is applied to a particular situation, a place and a time, it becomes a model instance, which is an instance of that model engine.
There is a natural inheritance relationship here where the model instances inherit all of the metadata from their parent model engine. This approach is followed in HR Wallingford's FluidEarth catalogue (FluidEarth Catalogue, ) with each model instance being directly associated with just one model engine thereby inheriting all of its metadata.
A further extension to the metadata elements defined above is required to give all of the metadata needed as a minimum to reasonably describe such a model instance.
We begin with the spatial aspects with a view to discovering the model instance through a search of spatial extents.
Indeed, this is part of the base functionality of the GeoNetwork cataloguing tool for spatial metadata (GeoNetwork ). Again, since they have been defined to describe spatial datasets, ISO19115 can provide these spatial elements. Table 3 gives two additional spatial elements used in this extension and shows how they are applied to the hydrological model example used previously.
Formulating interface driven model instance metadata
Further metadata is required to describe model instance outputs and inputs if the metadata set is to have any value in assessing the validity of interfaces to other models. If this metadata is to take a structured form across a large set of models, then the nature of the interfaces will need to be characterised in some way. Three aspects of the model inputs and outputs are singled out as having particular importance in evaluating model interfaces: the spatial characteristics, the temporal characteristics and the environmental parameters (or phenomena) described. These must be defined for each input and output.
The climate science modelling language (CSML) gives a set of 10 spatial feature types describing environmental data (Lowe ) . Given in Table 4 , they have been defined to be specialisations of the observations and measurements (O&M) model (ISO ) with the exception of 'observation' which is a direct usage. Crucially, these feature types are not only spatial representations, but also incorporate a temporal aspect.
This set of feature types is derived principally from considering earth observations from sensors of various kinds.
However, a strong subset can be applied directly to numerical model output: PointSeries, ProfileSeries and GridSeries in particular. As such, the CSML feature types are adopted The additional metadata elements given to support model interfaces are given in Table 5 with application to the hydrological model.
RESULTS AND DISCUSSION
General applicability
Further to the snippets given as the full metadata structure outlined above, a full example metadata set is given in 8,44.3;8.8,44.4;9.0,44.4;9.0,44.3 
Evaluating interface feasibility using the RIBS model
We now consider whether it is possible to evaluate the feasibility of using output data from one model as input data to another using just the metadata for the two models. The RIBS model was selected, because it lies in the centre of a hydro-meteorological model chain. Precipitation predictions are provided as input to RIBS from meteorological models.
RIBS calculates the catchment drainage and provides hydrographs into hydraulic models. These two file-based, one-way interfaces are denoted the 'P Interface' (or 'Precipitation
Interface') and 'Q Interface' (or 'Flow Interface'). The P
Interface is an example of passing gridded data between models where RIBS is the 'receiving model' and the Q Interface concerns point data where RIBS is the 'providing model'. This is illustrated in Figure 1 . We consider each interface in turn.
The 'P' or 'Precipitation' Interface
The 'P' or 'Precipitation' Interface is the interface between the meteorological model and the hydrological model. The meteorological model produces a series of parameters, in particular precipitation, over the catchment to be drained.
The meteorological model sequence can include In all these cases, the interface to the hydrological drainage model is the same. The meteorological models produce results, which are usually represented as a three-dimensional terrain following GridSeries, as shown in Figure 2 , with results being produced over a set of levels.
One of these three-dimensional results cubes is produced at each timestep. A wide variety of atmospheric parameters (or phenomena) are usually described, ranging from precipitation to wind to air pressure. Precipitation is applicable to the 'P Interface' and the parameter 'lwe_thickness_of_precipitation_amount' (CF Standard Names ), calculated at the surface only, is expected to be passed to the hydrological model as a two-dimensional GridSeries.
We now consider evaluating the feasibility of connecting a meteorological model (in this case, Weather Research and Forecasting -Advanced Research (WRF-ARW) model (Michalakes et al. ) ) to RIBS using just metadata expressed using this structure. Table 7 shows the metadata element for an example output from WRF-ARW and As previously discussed, the validation of this potential interface (i.e., whether it is valid to pass such data between the two models) should primarily concern the spatial characteristics, the temporal characteristics and the environmental parameters. The parameter matching is straightforward and depends on correct use of the controlled vocabulary used to describe the parameter and its unit of measurement. The output parameter 'Name' and 'Unit' needs to be compared to the input parameter 'Name' and 'Unit'. In this example, , using just metadata expressed in this structure. Table 9 shows the metadata element for an example output from RIBS and Table 10 The metadata design leads to performing the same validation of this potential interface as for the example P Position: 8.88, 44.37; 8.88, 44.50; 9.09, 44.50; 9.09, 44.37 Parameter Name: lwe_thickness_of_precipitation_amount Position: 8.95388,44.41083; 8.95388,44.41084; 8.95389,44.41084; 8.95389,44.41083 Parameter Name: River_Discharge Unit: m 'P' and 'Q' Interface validation summary Accordingly, a candidate set of validation conditions with pseudo-code supporting both the P and Q Interfaces (as examples of a typical file-based GridSeries-to-GridSeries and PointSeries-to-PointSeries interfaces) can be summarised in Table 11 .
CONCLUSIONS
The purpose of metadata is to provide supporting information to allow what it is describing to be found, correctly interpreted and utilised. In environmental modelling use cases such as the hydro-meteorological model chain discussed here, the utilisation aspects increasingly depend on the ability to interface models with each other (and, indeed, other supporting datasets). Standards such as ISO19115
and ISO15836 provide formal patterns for establishing such metadata sets. The effectiveness of any metadata structure and its resulting encoding lies in achieving the right level of complexity for the common requirements to be placed on it. If the metadata is too comprehensive, then there is a risk that suppliers will not provide it, or that provided metadata sets will be of low quality and not maintained. If the metadata is not comprehensive enough, then it will not be fit for its intended purpose.
The purpose of the metadata outlined here is to allow environmental numerical models to be discovered (discovery metadata) and then an initial evaluation made of their suitability for use (use metadata), in particular with reference to interfacing with other numerical models, with a first application for a hydro-meteorological model chain.
As such, ISO19115 provides the important base elements as constructed for geospatial datasets, and a small number of additions extend its usage into environmental numerical models. Further extensions describing environmental parameters (or phenomena), temporal and spatial attributes have been added to allow analysis of potential interfaces using inputs and outputs as follows:
• Successful validation of parameters depends heavily on the existence of controlled vocabularies. The interfaces to and from the hydrological RIBS model example demonstrate that these controlled vocabularies are more mature when interfacing to meteorological models than to hydraulic models.
• A level of temporal validation can be achieved by considering a limited number of attributes, most importantly the time range covered by the model.
• Number 283568 and DRIHM2US Project, Grant Number 313122. Metadata for the RIBS model was adapted from that supplied by Luis Garrote of the Universidad Politecnica de Madrid. Examples of models catalogued using a version of the metadata structure outlined in this paper can be found in the DRIHM Model Catalogue ().
